The contact resistance of 14 different electrode metals with the work function between 3.9 and 5.7 eV has been investigated for carbon nanotube ͑CNT͒ interconnects. We observed that the contact resistance was mainly influenced by the two following parameters: the wettability and the work function difference of electrode metal to CNT. Ti, Cr, and Fe with good wettability showed lower resistance than other metals. Furthermore, no dependence of the contact resistance on the work function difference has been observed. However, the contact resistance of Au, Pd, and Pt with poor wettability increased as the work function difference became larger.
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In recent decades, the integration density in siliconbased electronic devices has increased by more or less following Moore's law. As the miniaturization of devices continues, the narrower cross section of the conventional copper interconnect exponentially increases the resistance due to the enhanced scattering along grain boundaries and the sidewall surface of the wire, 1 resulting in resistancecapacitance ͑RC͒ interconnect delay.
2 Therefore, the physical properties of the copper wire will be a bottleneck in the near future in the realization of high-performance, very largescale integration. 3 This technical limit has prompted research worldwide to determine new alternatives.
Carbon nanotubes ͑CNTs͒ have received much attention due to superb physical properties for microelectronic interconnects including high current-carrying capability, 4 high melting point, 5 thermal conductivity, 6 and several micrometer long mean free path at room temperature. 7 For the application of CNTs, there are several parameters that are crucial, such as tube density, 8 contact area between CNTs and metal electrodes, 9 tube length, number of CNT walls, 3,10 growth conditions of CNTs, 11, 12 CNT-metal junction properties, and via hole structure. 13 However, among them, the CNT-metal junction has a profound impact on conduction behavior since the fundamental aspects of CNT-field effect transistor ͑FET͒, including threshold voltage, barrier height, and carrier type, are also influenced by CNT-metal contact. [14] [15] [16] [17] [18] [19] [20] This implies that even in CNT interconnects, the junction property is a critical issue. Nevertheless, this has not yet been clarified.
In the present study, we observe that metals with good wettability, such as Ti, Cr, and Fe, show no difference in contact resistance regardless of their work function difference. However, as the wettability becomes poorer, the contact resistance more strongly tracks the work function difference between CNTs and electrode metal.
TiN ͑100 nm͒/Ti ͑10 nm͒ were deposited on a Si/ SiO 2 substrate, followed by Ni oxide ͑3 nm͒ deposition. Then, the substrate was covered with a 200-nm-thick intermetallic SiO 2 layer, on which via holes were constructed down to Ni oxide layer, as shown in Fig. 1͑a͒ . Then, the as-prepared substrates were transferred to plasma enhanced chemical vapor deposition ͑PECVD͒ chamber for CNT growth. The detail growth conditions have been described elsewhere. 12 Outgrown CNTs in SOG, which eventually exposed some portion of CNTs in air, as seen in Fig. 1͑c͒ . The arrays consisted of holes of 100 nm diameter with a 200 nm hole-to-hole distance. Figure 1͑d͒ presents top electrodes deposited using a thermal or e-beam evaporator and the solid contact at the interface of CNTmetal contact was presented in Fig. 1͑e͒ . The overall structure of CNT interconnect after fabrication is presented in Fig.  1͑f͒ . Each CNT-metal contact is composed of 61 via holes. The structures were annealed at between 500 and 800°C for 30 s at a few millitorr of Ar gas.
Prior to the deposition of metal electrodes, the tube diameter and crystallinity of our CNTs were measured using confocal Raman spectroscopy ͑WiTec CRM 200͒ at a wavelength of 532 nm, as shown in Figs. 2͑a͒ and 2͑b͒. From radial breathing mode frequency, 21 the tube diameter was estimated to be 0.63-1.86 nm, and listed in Fig. 2͑c͒ . In addition to single-walled ͑SWCNTs͒, multiwalled CNTs with a diameter of 7-10 nm were often observed by scanning electron microscopy. A large D-band intensity around 1340 cm −1 in Fig. 2͑b͒ indicates defective tube structures due to low growth temperature.
For the interconnect, Ti was chosen for the bottom electrode because of its Ohmic junction properties. [22] [23] [24] To exclude the contact resistance of the bottom Ti electrode, we first obtained the contact resistance of Ti-CNT-Ti ͑R Ti ͒ and then subtracted R Ti / 2 from the total resistance of Ti-CNTmetal ͑R total ͒. That is, the resistance at top electrode ͑R͒ can be treated as R = R total −R Ti / 2. For each metal, we measured about 15 samples and averaged over 20 readings of each sample. The contact resistance curve was categorized depending on the work function of the metal electrodes with respect to that of CNTs, as shown in Fig. 3͑a͒ : low, CNT, and high. The CNT zone ranges the work function of CNTs in via holes. 25 With respect to the CNT zone, the overall change of R is asymmetric. As seen in Fig. 3͑b͒ , the minimum of R occurred near 4.4 eV, which was slightly lower than the CNT zone boundary.
In parallel connections of CNTs between electrodes, the contact resistance of a given via hole, R n satisfies the equation
where n is the index of via hole, d is the tube diameter in Fig.  2͑c͒ , N d is the number of tubes at a given diameter, r c is the contact resistance of each tube, and r t is the intrinsic tube resistance of an individual tube. The contact resistance, r c , of single tube is given by
where B is the Boltzmann constant, q is the electric charge, A ‫ء‬ is Richardson constant, T is the absolute temperature, S is the contact area, and ⌬ is the barrier height difference. 26 The averaged r t is assumed constant in our device. The contact resistance of each metal, R is the sum of 61 via holes, ͑1 / R͒ = ͚ n=1 61 ͑1 / R n ͒. In Fig. 3͑a͒ , the contact resistance increased in general as the work function of the electrode metal deviated from that of CNTs. Nevertheless, it is not obvious that the contact resistance increased much faster at a lower work function region than at a higher work function region. In the case of Ti, Cr, and Fe metals, which have slightly lower work functions than CNTs, the contact resistance was even smaller than those metals, such as Cu, Au, and Ni, which have work functions similar to CNTs ͓Fig. 3͑b͔͒. The resistance of a single hole in Eq. ͑1͒ is presumably governed by metallic CNT-metal ͑M-M͒ contact. If this is the case, the contact resistance is supposed to be independent of the type of metals. However, apparent and noticeable variations found in Fig. 3͑a͒ are contradictory to our prediction.
All transition metals in Fig. 3͑b͒ improve the wettability to CNTs with increasing numbers of vacancies in d orbital. [27] [28] [29] Table I lists the number of d orbital vacancies and work function of the metals. In Fig. 3͑b͒, 3d metals ͑open symbols͒ generally contribute to lower contact resistance than 4d and 5d metals. Among 3d metals, Ti, Cr, and Fe, which have more unoccupied 3d orbitals, show no substantial change in the resistance. On the other hand, other metals such as Ni and Cu with relatively fewer number unoccupied 3d orbitals have similar work functions to CNTs, but the resistance is relatively high, in contrast with Ti, Cr, and Fe. The resistance in our case simply follows the rule of wettability. Good wettability reduces resistance by enhancing the contact area. Therefore, the work function difference between CNTs and metal does not affect the contact resistance as long as good wettability is sustained. It should be noted that the contact resistance of the single channel consisted of an individual semiconducting CNT is determined by Eq. ͑2͒ when good wettability is sustained. The wettability argument is still valid in 4d and 5d transition metals. These metals ͑solid symbols͒ are mostly found in the top half of Fig. 3͑b͒ , indicating their lower wettability than 3d metals. Most 4d and 5d metals have relatively fewer d orbital vacancies. However, even Nb, which has seven 4d orbital vacancies, seems to have poor wettability. The contact resistance is therefore relatively high as shown in Fig. 3͑b͒ . In this case, the contact resistance follows the change of the work function difference. A comparison among Au, Pd, and Pt systematically manifests this behavior: Pt, which has the largest work function, yielded the highest resistance among others in Fig. 3͑b͒ .
Based on our observations, we propose that for metals with good wettability such as Ti, Cr, and Fe, the contact between electrode metal and metallic CNTs is a nearly Ohmic contact by Fermi level matching, as shown in Fig.  3͑c͒ . No work function difference practically exists in this case. On the other hand, in metals with high work function and poor wettability such as Au, Pt, and Pd, the junction can be bridged by a vacuum gap, as shown in Fig. 3͑d͒ . The oxide layer can be formed easily for metals with low work function and poor wettability, such as Al, Hf, and Ga. Therefore, the electron tunneling should be governed dominantly by the work function difference, vacuum ͑oxide͒ width, and/or oxide barrier height. 30, 31 In summary, with metals having good wettability, the contact resistance showed no correlation with the metal work function. However, for metals with poor wettability the work function difference becomes significant for the contact resistance. In addition, with metals of low work function, the surface oxides are expected to be more dominant than the work function difference. 
